Genome-wide studies have identified associations between polymorphisms in the IFN regulatory factor-5 (Irf5) gene and a variety of human autoimmune diseases. Its functional role in disease pathogenesis, however, remains unclear, as studies in Irf5 −/− mice have reached disparate conclusions regarding the importance of this transcription factor in type I IFN production and antibody responses. We identified a spontaneous genomic duplication and frameshift mutation in the guanine exchange factor dedicator of cytokinesis 2 (Dock2) that has arisen in at least a subset of circulating Irf5 −/− mice and inadvertently been bred to homozygosity. Retroviral expression of DOCK2, but not IRF-5, rescued defects in plasmacytoid dendritic cell and B-cell development, and Irf5 −/− mice lacking the mutation in Dock2 exhibited normal plasmacytoid dendritic cell and B-cell development, largely intact type I IFN responses, and relatively normal antibody responses to viral infection. Thus, confirmation of the normal Dock2 genotype in circulating Irf5 −/− mice is warranted, and our data may partly explain conflicting results in this field. immune cell development | autoimmunity | viruses
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Surprisingly, initial studies of Irf5 −/− mice found no defects in type I IFN production by plasmacytoid dendritic cells (pDCs) (2), which are thought to be a major systemic source of IFN-α (10) . Consistent with these results, virally infected Irf5 −/− mice showed only modest reductions in serum type I IFN levels (11) . Instead, Irf5 −/− mice specifically failed to produce inflammatory cytokines such as TNF-α, IL-6, and IL-12 (2). However, subsequent studies reported a more dramatic reduction or complete abolishment of type I IFN production by Irf5 −/− cells (12) (13) (14) . Similarly, there are conflicting data regarding the requirement of IRF-5 in antibody production, as specific reductions in IgG2a or IgG1 and IgM levels after immunization with a T-cell-dependent antigen have been reported independently (15, 16) . Thus, the importance of IRF-5 in type I IFN induction downstream of Toll-like receptor (TLR) engagement and antibody production remains unclear. As a consequence, the functional role of IRF-5 in modulating autoimmune diseases has been difficult to discern from the existing literature.
In studies aimed at identifying novel transcription factors important for DC development, we observed a number of unexpected phenotypes in Irf5 −/− mice, including a reduction in peripheral pDC numbers, a complete inability of pDCs to produce type I IFN, a complete loss of marginal-zone B cells, and a reduction in antigen-specific IgG and IgM levels following West Nile virus (WNV) infection. However, further analysis demonstrated that these phenotypes were not dependent on the deficiency of IRF-5, but rather segregated with a spontaneous genomic duplication and frameshift mutation in dedicator of cytokinesis 2 (Dock2), a guanine nucleotide exchange factor that regulates Rac signaling, marginal-zone B-cell development, and pDC homing and function (17) (18) (19) . Analysis of Irf5 −/− mice in the absence of this secondary mutation in Dock2 revealed normal pDC and Bcell development, largely intact IFN-α production by pDCs after TLR stimulation, and relatively intact antibody responses to WNV infection. Our data suggest that at least some of the conflicts among published data regarding the functional properties of IRF-5 likely are the result of a mutation in Dock2 that arose spontaneously and is now widely distributed in Irf5 −/− mouse strains.
Results
Irf5 −/− Mice Have Impaired pDC and B-Cell Development. As Flk2 + common myeloid progenitors (CMPs) precede common dendritic cell progenitors (CDPs) in hematopoietic cell development (20, 21) , we sought to identify transcription factors that regulate dendritic cell (DC) lineage commitment and differentiation through comparisons of these two progenitor types. We focused our initial analysis on IRF family members, as several of these transcription factors have regulatory roles in DC development (22, 23) . Among the differentially expressed genes between Flk2 + CMPs and CDPs was Irf5, which displayed a sevenfold (P < 0.05) increase in expression in CDPs relative to Flk2 + CMPs (Fig. 1A) .
To determine if IRF-5 had a role in DC development, we first assessed CDP and cDC frequencies in the bone marrow and spleen, respectively, of WT and Irf5 −/− mice (1). Although no apparent defects were observed in CDPs or mature CD11c high CD8α + or CD8α − cDCs in Irf5 −/− mice ( Fig. 1 B and C) , we did observe a slight increase in the frequencies and numbers of pDCs in the bone marrow of Irf5 −/− mice, and this was accompanied by a sharp reduction of pDCs in the spleen and blood (8.7-and 6.2fold; P < 0.01). Similarly, peripheral blood of Irf5 −/− mice had a reduced percentage of pDCs relative to total leukocytes (Fig. 1C) .
The role IRF-5 plays in type I IFN production by pDCs remains unclear, as different studies have conflicting results (2, [11] [12] [13] [14] , possibly because of differences in the source (in vitro-or in vivo-derived) of pDCs. To assess the ability of Irf5 −/− pDCs obtained directly from mice to secrete type I IFN in response to This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1118155109/-/DCSupplemental. TLR9 stimulation, WT or Irf5 −/− pDCs were sorted from bone marrow and cultured for 24 h with increasing doses of CpG-A, a TLR9 agonist. Notably, IFN-α secretion by freshly sorted Irf5 −/− pDCs was not detected at greater than background levels at any of the CpG-A doses tested ( Fig. 1D ). (15, 16) , we analyzed the numbers and percentages of B-cell subsets by relative cell surface expression of B220, IgM, IgG, CD21, CD23, and CD93 (24) . Fewer numbers of splenocytes were detected in 8-wk-old Irf5 −/− compared with WT mice, which resulted in a significantly decreased number (3.1-fold; P < 0.001) and frequency (1.3-fold; P < 0.01) of B220 + cells ( Fig.  2B ). Within the B220 + IgD + IgM lo cell gate, the Irf5 −/− mice exhibited a small reduction in the frequency (89.5% vs. 84.5%; P < 0.001) and number (3.8-fold; P < 0.001) of follicular B cells (B220 + IgD + IgM low CD93 − CD23 + ; Fig. 2 A and B) . The most striking difference, however, was in the marginal zone (B220 + IgD + IgM low CD23 − CD21 + ) B-cell compartment, which was virtually absent (11.0% vs. 1.2%; P < 0.0001) in Irf5 −/− mice ( Fig. 2 A and B) . In the blood, we also observed an accumulation in the percentage (P < 0.001) of B220 + cells ( Fig. S1 A and B) . These cells in Irf5 −/− mice, however, had an immature phenotype, as judged by an increased frequency of B220 + CD93 + (4.0% vs. 7.7%; P < 0.0001) B cells and a decreased frequency of B220 + CD23 + CD93 − B cells.
Because of the altered B-cell profiles, we assessed whether antibody responses were impaired in Irf5 −/− mice by measuring serum antiviral antibody titers early after WNV infection by ELISA. Irf5 −/− mice had decreased (sevenfold lower; P < 0.05) production of WNV-specific IgM at day 6 after infection compared with WT mice (Fig. 2C ). At day 9 after infection, WNVspecific IgG titers also were reduced (43-fold lower; P < 0.01).
Reduction of pDCs and Marginal Zone B Cells Is Not Dependent on
IRF-5. Genetic background effects have been reported to affect peripheral pDC numbers (25) . To more rigorously test the effects of an IRF-5 deficiency on B-cell and pDC development and function, we intercrossed Irf5 +/− mice to generate littermate controls of both Irf5 +/− and Irf5 +/+ genotypes to compare with Irf5 −/− mice. Offspring of each genotype were evaluated by flow cytometry for normal or abnormal marginal zone B-cell and pDC development (Figs. 1B and 2A). Of 39 F2 mice analyzed, 11 mice exhibited abnormal B-cell and pDC development. Surprisingly, within this group, five mice were Irf5 +/− , three were Irf5 −/− , and three were Irf5 +/+ , demonstrating independent segregation of Irf5 deficiency and the B-cell and pDC developmental phenotypes (Table S1 ). These results suggested that the B-cell and pDC developmental phenotypes were transmitted with a recessive Mendelian inheritance pattern, but neither defect segregated with a deficiency in IRF-5.
Abnormal B-Cell and pDC Phenotype Maps to Chromosome 11. To identify the mutation responsible for impaired pDC and B-cell development, we used SNP mapping. The Irf5 −/− mice used as described earlier had been backcrossed for eight generations onto the C57BL/6 background and maintained as homozygotes. We crossed these mice to WT BALB/c mice to generate Irf5 +/− mice in a mixed C57BL/6-BALB/c background. These F1 mice subsequently were intercrossed and evaluated for abnormal marginal zone B-cell and pDC development, and genomic DNA was subjected to SNP analysis. All 10 animals in the first round of screening with defective B-cell and pDC development had conserved C57BL/6 DNA between 0 and 41.0 Mb on chromosome 11 (Tables S2 and S3 ). This result agreed with our heterozygous cross-analysis demonstrating that the B-cell and pDC developmental phenotype was not dependent on Irf5, which is located on chromosome 6. The presence of C57BL/6 DNA in unaffected mouse 24 further narrowed the region to 0 to 38.7 Mb. Analysis of mouse 63, which retained the B-cell and pDC developmental defect, identified the region between 30.0 and 38.7 Mb on chromosome 11 as responsible for transmitting the observed phenotype in the Irf5 −/− mice.
Irf5 −/− Mice Have a Genomic Duplication Within Dock2 Locus. Interestingly, the gene encoding Dock2, which is required for activation of Rac2 and actin polymerization downstream of chemokine receptor signaling (17), is located within this region. Similar to the phenotype exhibited by the Irf5 −/− mice, a genetic deficiency in Dock2 resulted in a loss of pDC and marginal zone B cells (17, 19) . To test whether Irf5 −/− mice had reduced levels of Dock2 expression, we performed quantitative RT-PCR on cells from the bone marrow and spleen. Dock2 expression was noticeably reduced in Irf5 −/− bone marrow cells and splenocytes [9.5-fold (P < 0.01) and 5.6-fold (P < 0.001), respectively; Fig.  3A ]. These data suggested that a reduction in the expression of Dock2, a gene located within the identified 8 Mb genomic region on chromosome 11, may be responsible for the impaired development of B cells and pDCs in Irf5 −/− (now referred to as Irf5 −/− × Dock2 mu/mu ) mice. To identify a potential mutation, splenic cDNA was sequenced across the Dock2 coding region. We observed a repeated sequence corresponding to exons 28 and 29, likely indicating a genomic duplication of this region (Fig. 3A ). This exon duplication resulted in a frameshift mutation and premature stop codon after exon 29 ( Fig. 3C ). As Dock2 possesses 52 exons, the introduction of a stop codon after exon 29 likely results in nonsense-mediated decay of the transcript (26) , perhaps explaining the low levels of mRNA expression that we observed. To further confirm this mutation, we designed primers flanking the region of gene duplication and performed RT-PCR on splenocyte RNA from the Irf5 −/− × Dock2 mu/mu mice. We observed a larger PCR product in the Irf5 −/− × Dock2 mu/mu compared with WT control mice (Fig. 3D ). Furthermore, PCR primers that amplify a region spanning exons 29 and 28 generated a product from Irf5 −/− × Dock2 mu/mu cDNA but not from the WT template. These data confirm that the Irf5 −/− mice carried an exon duplication within the Dock2 locus, likely resulting in a nonfunctional allele.
To assess the prevalence of the mutation outside of our facility, Irf5 −/− mice maintained by three separate laboratories were screened by RT-PCR for the aberrant Dock2 transcript. Although the mutant Dock2 gene was not identified in Irf5 −/− mice maintained in Japan, the Dock2 mutation was detected in Irf5 −/− mice from two other laboratories in the United States (Fig. S2) . Therefore, the mutation is present in multiple colonies within the United States. Fig. 4 A and B) . Similarly, the percentage of GFP + Dock2-transduced donor splenic pDCs was consistently higher than that of bone marrow pDCs in the same mice, demonstrating a rescue of the pDC homing defects (Fig. 4C ). No such increase was observed in mice reconstituted with the control retrovirus ( Fig. 4C ). As predicted, mice reconstituted with IRF-5-transduced Irf5 −/− × Dock2 mu/mu HSCs still exhibited marginal zone B-cell and pDC defects and were indistinguishable from recipients receiving HSCs transduced with control retrovirus ( Fig. 4 B and C) . Together, these data conclusively demonstrate that the developmental defect in the Irf5 −/− × Dock2 mu/mu mice was not dependent on Irf5 deficiency, but rather was the consequence of a recessive Dock2 mutation. Generation. To conclusively determine the role of IRF-5 in immune cell development, Irf5 −/− mice lacking the Dock2 mutation were generated by backcrossing to C57BL/6 mice for an additional five generations, and analyzed for bone marrow and splenic pDCs by flow cytometry. In contrast to Irf5 −/− × Dock2 mu/mu mice, Irf5 −/− mice had normal frequencies of pDCs in the spleen (Fig.  5A ). Furthermore, we measured IFN-α production after CpG stimulation in vitro from sorted bone marrow pDCs from Irf5 −/− or WT mice. Whereas IFN-α production from Irf5 −/− × Dock2 mu/mu pDCs was nearly undetectable (Fig. 1D) , Irf5 −/− and WT pDCs produced essentially equivalent levels of IFN-α, with a nonsignificant (P > 0.2) trend toward a small reduction only at the lowest dose of 0.3 μg/mL CpG-A (Fig. 5B) . These data differ from those from previous studies, which reported minimal type I IFN production by in vitro-derived Irf5 −/− pDCs (12) . It is unclear if these discrepancies are related to the Dock2 mutation or differences in assay conditions. Previous studies reported a defect in the production of inflammatory cytokines by Irf5 −/− cells in response to TLR agonists or viral infection (2, 11). To verify these findings, in our cells that have a WT Dock2 gene, we stimulated primary bone marrow pDCs with CpG-B or imiquimod and measured IL-6 and TNF-α secretion. Both TLR agonists stimulated less IL-6 production in Irf5 −/− pDCs relative to WT cells, although this difference did not reach statistical significance in imiquimod-treated cultures. Similarly, although the magnitude of reduction was variable, TNF-α production by Irf5 −/− pDCs was diminished relative to WT cells under both conditions. Analogously, HSV-1-infected splenic Irf5 −/− CD11b + cells showed a statistically significant reduction in IL-6 (2.0-2.4 fold; P < 0.001), TNF-α (5.6-7.1-fold; P < 0.0001), and IFN-α (1.3-fold; P < 0.05) secretion relative to WT counterparts. Thus, these data confirm an IRF-5-dependent pathway for induction of inflammatory cytokines in pDCs and CD11b + cells. Moreover, the data demonstrate that, under certain conditions, IRF-5 can modestly regulate type I IFN production.
The number and frequency of B220 + cells and B-cell subsets, including follicular B cells (B220 + IgD + IgM low CD93 − CD23 + ) and marginal zone B cells (B220 + IgD + IgM low CD23 − CD21 + ), was also normal in Irf5 −/− mice ( Fig. 6 A and B) . To test the antibody response, Irf5 −/− or WT mice were infected with WNV, and IgM or IgG titers were measured at days 6 and 9, respectively. The titer of anti-WNV-E-specific IgM antibody at day 6 and total anti-WNV IgG at day 9 were normal However, we did observe a small yet statistically significant (2.6-fold; P < 0.01) reduction in the anti-WNV IgG2c isotype response at day 9 in Irf5 −/− mice (Fig. 6C) , consistent with one previous study (15) . Together, these data demonstrate that pDC numbers, type I IFN secretion, and B-cell development and function are largely normal in Irf5 −/− mice.
Discussion
Our initial analysis of Irf5 −/− mice yielded unexpected results, including a lack of peripheral pDCs and marginal zone B cells, dramatically reduced IFN-α secretion by pDCs, and marked reductions in antigen-specific IgG and IgM following WNV infection. However, through additional crosses with C57BL/6 mice, we demonstrated an independent segregation of Irf5-deficiency and these observed defects. A genomic duplication within Dock2 resulted in a frameshift mutation and premature stop codon, and ectopic expression of DOCK2 by retroviral transduction restored pDC and marginal-zone B-cell development. Finally, Irf5 −/− mice lacking the Dock2 mutation had largely normal IFN-α production by pDCs and normal IgM and IgG titers with only a subtle decrease in antiviral IgG2c production.
Although the Dock2 mutation was introduced spontaneously and inadvertently bred to homozygosity, it remains unclear how and when the Irf5 −/− mouse line acquired the mutation. The Dock2 mutation was observed in two separate Irf5 −/− colonies initiated from mice obtained independently from the original colony (Fig.  S2) . Thus, it is likely that at least a subset of Irf5 −/− mice from the original colony possessed the Dock2 mutation. The identification of a mutation that was maintained in a broadly distributed strain through intercrossing highlights the importance of periodic backcrossing and verification of findings through genetic complementation studies. Given the implications of Irf5 in association with autoimmune disease, many studies have analyzed the functional contribution of IRF-5 to type I IFN production and to antibody responses, often with different conclusions. Some of these disparities may be explained by the distinct assays or cells used in each study. Indeed, DOCK2 is not required for monocyte development or migration (17) , and we have no reason to question previous findings regarding Irf5 −/− macrophages (11, 27) . Nevertheless, our findings suggest that a spontaneous Dock2 mutation in Irf5 −/− mice may have affected some previous conclusions, and provide an additional explanation for overt discrepancies among published results. Clearly, repetition of viral pathogenesis and autoimmune studies are warranted with Irf5 −/− mice on a background lacking the Dock2 mutation to conclusively define the function of IRF-5 in priming innate and adaptive immune responses.
Materials and Methods
Mice. C57BL/6 WT mice and B6.SJL mice were commercially obtained from The Jackson Laboratory Irf5 −/− mice were originally generated by T. Mak (University Flow Cytometry. Single cell suspensions were depleted of erythrocytes by using pure Histopaque-1119 or Histopaque-1119 mixed with Histopaque-1077 (Sigma-Aldrich) and differential centrifugation. Cells were stained at 4°C in PBS solution containing 2% FBS. Data were collected on a FACSCalibur or LSRII device (BD Biosciences) and analyzed with FlowJo software (Tree Star).
Antibodies. Monoclonal antibodies were purified from the following hybridomas by Bio-X-Cell: TER119 (anti-Ter119), 1D3 (anti-CD19), and A20.1.7 (anti-CD45.2). Antibodies were conjugated to Pacific blue or Alexa Fluor 647 (Invitrogen) according to the manufacturer's instructions. The following were purchased from eBiosciences: anti-c-kit (2B8) and anti-B220 (6B2) conjugated to PE-Cy7; anti-CD135 (A2F10) and anti-CD23 (B3B4) conjugated to PE; anti-CD11c conjugated to PerCp-Cy5.5; anti-Sca-1 (D7) conjugated to Alexa Fluor 700; anti-CD45.1 (A20) conjugated to APC-Cy7; anti-CD21 (4E3) conjugated to Pacific blue; and anti-IgD (clone 11-26) conjugated to biotin; and anti-BST2 (129-c) conjugated to APC. The following antibodies were purchased from BD Biosciences: anti-IgM (11/41) conjugated to PE-Cy5.5 and anti-CD11b (M1/70) conjugated to Alexa Fluor 647. Anti-Ly6D (114.8.1) conjugated to FITC was purchased from Sigma.
WNV-Specific Antibody ELISA. Serum antibody titers were calculated as previously described (27) . Briefly, 96-well plates (Nalge Nunc) were coated with 5 μg/mL recombinant WNV envelope protein overnight at 4°C. After blocking for 1 h with PBS solution supplemented with 2% (wt/vol) BSA and 0.05% (vol/vol) Tween 20 at 37°C, diluted serum samples were added to wells and incubated for 1 h at room temperature. Plates were washed with PBS solution with 0.05% (vol/vol) Tween 20, and incubated with 1 μg/mL of biotinylated anti-IgG or IgM (Sigma Aldrich) for 1 h. After washing, streptavidin conjugated horseradish peroxidase (2 μg/mL; Zymed) was added to each well and plates were incubated for 1 h. Plates were developed by using tetramethylbenzine substrate (Dako) and quenched with H 2 SO 4 . The optical density was read at 450 nm, and endpoint dilutions were calculated as three SDs above the background.
DNA Constructs and Retroviral Production. The coding region of Dock2 cDNA was obtained by RT-PCR from mouse bone marrow RNA as a NotI-SalI fragment, and cloned into the same sites of murine stem cell virus (MSCV)internal ribosomal entry site (IRES)-GFP (28, 29) with sequence verification. Transfection and retroviral infection of 293FT cells (Invitrogen) was used to confirm expression of DOCK2 by Western blot with commercially available antibodies (Chemicon). The 293FT cells were cultured to approximately 60% density on 10-cm 2 tissue culture plates and transfected by using calcium phosphate coprecipitation with 3.5 μg pMD2.G (a VSV-G-encoding expression vector), 6.5 μg of an expression plasmid encoding MMLV gag-pol (30) , and 10 μg of MSCV-IRES-GFP, MSCV-Irf5-IRES-GFP, or MSCV-Dock2-IRES-GFP. Medium was changed 4 to 6 h after transfection, and supernatant was harvested at 48 and 72 h later and filtered through 0.45-μM syringe filters. Twelve milliliters of viral supernatant was mixed with 3 mL of 1× PBS solution/25% polyethylene glycol 8000 (Sigma) and incubated overnight at 4°C. The mixture was centrifuged at 2,000 × g for 10 min, supernatant was removed, and the pellet was resuspended in 100 μL PBS solution. Aliquots were frozen and stored at −80°C until use.
Retroviral Infections and HSC Transplantation. Bone marrow was harvested from donor mice by crushing bones and removing debris on a density gradient by using Histopaque 1119 (Sigma). Bone marrow was then enriched for c-kit + cells by using CD117 + microbeads (Miltenyi Biotec). Cells were stained with antibodies (described earlier), and HSCs were isolated by FACS based on previously defined reactivity for particular cell surface markers (Lineage − c-kit + Sca-1 + Flk2 − ) on a FACSAria device (BD Biosciences). Cells (n = 5,000-10,000) were cultured overnight in 200 μL DMEM F12 media with Hepes containing 10% FBS (HyClone), nonessential amino acids, sodium pyruvate, GlutaMAX, 50 μM β-mercaptoethanol (Gibco), 50 ng/mL stem cell factor (Peprotech), and 50 ng/mL thrombopoietin (Peprotech) per well of 96-well round-bottom plates (BD Biosciences). Five microliters of polyethylene glycol-concentrated virus was added to the cultures the following day. One day after infection, cells were washed extensively and transplanted by retroorbital injection into mice irradiated with 600 cGy.
Quantitative Real-Time RT-PCR. First-strand cDNA was synthesized from RNA by using SuperScript III (Invitrogen) and random hexamers according to the manufacturer's instructions. Amplifications were performed by using SYBR Green JumpStart TaqReadyMix (Sigma) on an ABI 7000 Sequence Detection System (Applied Biosystems) using at least 1,000 cell equivalents per reaction. Primer sequences are as follows: β-actin, 5′-GTCTGAGGCCTCCCTTTTT-3′ and 5′-GGAGACCAAAGCCTTCATA-3′; Irf5, 5′-GGAAGAAATGAAGCCAGCAG-3′ and 5′-ACCCTGGGGTAATTGGACTC-3′; Dock2, 5-CTTCTTCCAAGTCTCAGATGG-3′ and 5′-TTCCCACAGTGCTCG GCTCA -3′; and GAPDH, 5-GGCAAATTCAACGG-CACAGT-3′ and 5-GATGGTGATGGGCTTCCC-3′.
Cell Culture and Cytokine Detection. pDCs from bone marrow were isolated by surface markers (BST2 + B220 + ) by using FACS (Aria-II; BD) and cultured in 96well plates with 50,000 pDCs per well in 200 μL RPMI medium supplemented with 10% FBS, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 50 μM β-mercaptoethanol, and varying doses of CpG-A 2216 (Operon) or ODN-1585 (InvivoGen). After 18 h in culture, supernatant was harvested and levels of IFN-α were measured by ELISA per the manufacturer's instructions (PBL IFN Source). Similarly, 25,000 flow cytometry-sorted bone marrow pDCs were cultured with 6 μg/mL CpG-B (Operon) or 6 μM imiquimod (InvivoGen). CD11b + cells were sorted from the spleen and infected with HSV-1 in 96-well plates with 100,000 cells per well in 200 μL RPMI medium supplemented with 10% FBS, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, and 50 μM β-mercaptoethanol. After 24 h in culture, supernatant was harvested and IL-6 and TNF-α levels were measured by flow cytometry with the Mouse Inflammation CBA kit (BD Biosciences) for pDC and CD11b + cultures. SNP Analysis. Irf5 −/− × DOCK2 mu/mu mice were crossed with WT BALB/c mice. The resulting F1 mice were intercrossed, and F2 mice were analyzed for normal or abnormal marginal zone B-cell development. DNA from 10 normal and 10 abnormal mice was used for SNP analysis conducted by Jackson Laboratory.
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